A new 4-dimensional variational data assimilation system with 0.5-km grid spacing (NHM-4DVAR.v3) was developed by integrating the nonhydrostatic storm-scale 4D-Var (NHM-4DVAR. v2) and the Japan Meteorological Agency (JMA) nonhydrostatic model (NHM) based Variational Data Assimilation System (JNoVA). Both systems are based on the JMANHM, but horizontal resolutions, their formulations, adjoint models of physical processes, and observation operators are different. NHM-4DVAR. v3 comprises advantages of both systems: a penalty term, optimization of lateral boundary conditions, and observation operators for advanced observations. This development aimed at improving the forecast accuracy of hazardous weather at meso-γ-scales (5~ 20 km). In this paper, the characteristics of NHM-4DVAR.v3 and some results, including the integrated formulations, are presented. An assimilation experiment of actual observations using NHM-4DVAR.v3 with 2-km grid spacing was found to show improvement over NHM-4DVAR.v2 at the same resolution. As a final goal, NHM-4DVAR.v3 was applied with a 0.5-km resolution. The comparison between assimilation results by NHM-4DVAR.v3 with 0.5-and 2-km horizontal resolutions indicates that analyses with super high resolutions can reproduce more detailed atmospheric features such as convective clouds.
Introduction
Recently, severe and small-scale phenomena such as tornados have been studied numerically in real situations owing to the increase in computer power (e.g., Mashiko et al. 2009 ). Though the horizontal grid spacings are approaching a few ten to several hundred meters (sub-kilometer resolution), there might be no information on these horizontal scales if the initial conditions are obtained by spatial-interpolation of operational numerical prediction systems. When the analysis data have no information on such phenomena due to their coarse resolutions, relatively low quality of their assimilation systems, and spatiotemporally coarse observation densities, considerable spatiotemporal lags are inevitable. Owing to the recent development of innovative observational instruments such as Doppler wind lidars and dual polarimetric radars, assimilating these observations at sub-kilometer resolutions have become more realistic strategy for providing precise initial conditions to high-resolution simulations.
Thus far, high-resolution assimilation systems have been applied at grid spacings of a few kilometers for predicting highimpact weather conditions (Sun and Crook 1997; Aksoy et al. 2010) . Recently, a resolution of 1 km was utilized with a 3-dimensional variational system (Xue et al. 2014 ) and an ensemble Kalman filter (EnKF) system (Tanamachi et al. 2013) for the prediction of supercell storms. Furthermore, Cheng and Xue (2012) tried to utilize an EnKF with 0.5-km grid spacing for the prediction of tornados. Their successes were obtained with high-resolution assimilation systems, but only Doppler radar observations were assimilated without other kinds of observations. For more precise forecasts of thunderstorms, it is necessary to assimilate observations representing their environmental fields with both dynamical and thermodynamical information. Kawabata et al. (2007) developed a cloud-resolving 4D-Var (NHM-4DVAR.v1), and expanded to assimilate observations of radar reflectivity, GPS slant total delay, and Doppler lidar (NHM-4DVAR.v2; Kawabata et al. 2011; 2013; . These studies showed that the NHM-4DVAR.v2 with these various observation operators has the ability to predict a thunderstorm with a scale approximately less than 50 km. However, the 2-km resolution is insufficient to represent a cumulonimbus itself or a supercell in detail, in both numerical predictions and high-resolution observations.
In 2010, the Tokyo Metropolitan Area Convective Study (TOMACS) started a field campaign for localized intense rains and tornados using dense and advanced observational networks (e.g., Ku band radar, dense surface observation network, Doppler wind lidar) in Tokyo (Nakatani et al. 2013) . Further, in 2012, the Strategic Programs for Innovative Research program started to study ultra-high precision mesoscale weather predictions using a "K computer" which is the fastest supercomputer with 10-peta flops in Japan ). These two big projects enabled the assimilation of innovative observations at a sub-kilometer grid spacing in severe weather events. In this study, a nonhydrostatic 4-dimensional variational assimilation system at 0.5-km grid spacing was developed as the first sub-kilometer 4D-Var in the world.
The development of a new assimilation system is introduced in Section 2. Some results are shown in Section 3, and summary and discussion are described in Section 4.
Assimilation systems

NHM-4DVAR
NHM-4DVAR is a storm-scale 4D-Var based on the JMA nonhydrostatic model (JMANHM; ver. 2002) . This system was designed to reproduce mesoscale convective systems (MCSs) at a cloud-resolving resolution (2 km). The full model of JMANHM (Saito et al. 2006; 2012) , which includes three-ice cloud microphysics without cumulus convection parameterization, was adopted as the forward model. The first version (v1) of the NHM-4DVAR considered perturbations only to dry dynamics and advection of water vapor (Kawabata et al. 2007 ). Moreover, the second version (v2; Kawabata et al. 2011) was implemented an additional warm rain process in the adjoint model (ADM). The control variables are the three-wind components, potential temperature, surface pressure, nonhydrostatic pressure, total water (water vapor and cloud water), the relative mixing ratio of rain water, and the pseudo-relative humidity for which the saturation mixing ratio of water vapor was given by the background (only for lateral boundary conditions: LBCs). Its cost function is as follows: The cost function is defined as follows: 
Using Eq. (3), LBCs are optimized with observation data and undesirable high frequency gravity waves can be suppressed by the J p term. Specifications of the nonlinear model of the NHM-4DVAR.v3 and ADMs of the JNoVA, NHM-4DVAR.v2, and NHM-4DVAR.v3 are listed in Table 1 .
Results
Verifications of code accuracy
In the development of a 4D-Var, a tangent linear model (TLM) is first developed through linearization of a nonlinear model, and then an ADM is obtained after transposing the TLM. In order to confirm the accuracy of each development stage, verifications of accuracy of the TLM and ADM are performed with Eqs. (4) and (5):
where S and S denote the full nonlinear and its simplified tangent linear codes, respectively, and x and dx represent the model field and its perturbation, respectively. a represents a constant value. T represents the transpose. Eq. (4) is used for the verification of accuracy of linearity of tangent linear codes and Eq. (5) for that of adjoint codes. Equations (4) and (5) are computed to prognostic variables (i.e., 3-components of wind, pressure, potential temperature, mixing ratios of water vapor, cloud water and rain water). First, we apply Eq. (4), which is a natural inner product of the vectors that are composed of these variables, to each variable and then check the simple sum of each value. When a varied from 10 −7 to 10 −1 using the full codes of the TLM of the NHM-4DVAR.v3 for 60 time steps (10 min), values of the right hand side of Eq. (4) varied from 1.013 to 1.005, indicating that the TLM of the NHM-4DVAR.v3 has enough linearity. Furthermore, err in Eq. (5) . This means that the developed ADM is almost perfectly consistent with the TLM.
Effects of integrated formulations
We confirmed the effects of the penalty term and optimizing LBCs with observation system simulation experiments. Assimilated pseudo observations were zonal wind speed data (20 m s ) and potential temperature data (initial guess + 5 K) at a height of 225 m. and x lbc denotes lateral boundary conditions. B and B lbc represent background error covariance of initial and lateral boundary conditions, respectively. H and x represent observation operators and the predicted model state, respectively. R and y denote observational error covariance and observations, respectively.
The NHM-4DVAR.v2 is versatile in utilizing many kinds of observational operators, such as Doppler radial wind and reflectivity observations, GPS-derived precipitable water vapor (PWV), zenith total delay, slant total delay observations (Kawabata et al. 2013) , radio acoustic sounding system (RASS) observations, Doppler lidar observations , and conventional observations (surface, wind profiler, and upper sounding). In addition, B and B lbc were made by the NMC method (Parrish et al. 1992 ) for convective weather conditions.
JNoVA
The JNoVA (Honda et al. 2005; Honda and Sawada 2008; has been operated as a JMA operational system since 2009. It is also based on the JMANHM (ver. 2004), but the physical processes in the ADM are large-scale condensation, eddy diffusion, and surface processes. The cost function of the JNoVA is given by the following equation: 
where J p is a penalty term with an incremental digital filter (Polavarapu et al. 2000) . Control variables of the JNoVA are horizontal wind, potential temperature, surface pressure, and pseudo-relative humidity. Observation operators for operational observation networks are implanted. In addition, the JNoVA adopts the incremental method (Coutier et al. 1994) , where an inner loop ADM with a horizontal resolution of 15 km to minimize the cost function and an outer-loop model to compute analysis increment with a horizontal resolution of 5 km are employed.
Design of a new 4D-Var
We integrated the ADMs and formulations of the NHM-4DVAR.v2 and JNoVA, whereas the control variables of the NHM-4DVAR.v2 were adopted for a new 4D-Var system (NHM-4DVAR.v3). Both sets of observation operators of the NHM-4DVAR.v2 and JNoVA are available in the NHM-4DVAR.v3.
The forward model (JMANHM ver. 2004 ) had been sophisticated as an operational model after ver. 2002 and has been used in a couple of studies at sub-kilometer scales (e.g., Mashiko et al. 2009 ). Therefore; the new forward model is expected to provide accurate background fields and accurate trajectory in an assimilation window at sub-kilometer scales. Since the ADM was upgraded with a lot of physical processes in JNoVA and a warm rain process in NHM-4DVAR.v2 (see Table 1 ), it is also expected to produce more accurate gradient in convective cases. Finally, implemented observational operators for high-resolution observations were enough to apply to sub-kilometer assimilations after minor modifications like as quality controls and thinning. When the penalty term was switched off, a noisy pattern was seen downstream of the assimilation point (the right figure) . When the penalty term was included, the noisy pattern was suppressed (the left figure) . Further, we examined the effect of optimizing LBCs with the same set of observations, but the assimilating point was shifted to the vicinity of the lateral boundary. As a result, a large departure is seen mainly near the lateral boundary areas (right and bottom edges in Fig. 2) . The area surrounding the assimilation point is modified to be closer to the observation. Therefore, it can be concluded that these two expansions of the cost function work effectively as expected.
Assimilation experimentation with actual observations
As a final step of the verification process, we performed an assimilation experiment using actual observations in a heavy rainfall setting with the NHM-4DVAR.v2 and NHM-4DVAR.v3 with 2-km grid spacing. Details of this rainfall, which occurred on 5 July 2010, can be found in Kawabata et al. (2014) . The 10-min assimilation window were set from 1000 JST, and assimilated observations were Doppler radar radial velocity (RV) and reflectivity, GPS PWV, and Doppler lidar RV. We conducted the following 3 experiments: 1. simulation without data assimilation; 2. assimilation with the NHM-4DVAR.v2; and 3. assimilation with the NHM-4DVAR.v3. We recognize that there are three intense rainfall regions in Fig. 3a from north to south over the Kanto plain, while in Fig. 3c , only weak and sporadic rainfall regions are seen. Intense rains are simulated in the NHM-4DVAR.v2 and NHM-4DVAR.v3 (Figs. 3b, d ) and their scales are comparable to the observation. The intense rain on the north area, which is seen in the observation, was not simulated in every case as this exists in a lateral boundary area. On closer inspection, the result of the NHM-4DVAR.v3 is closer to the observation than that of the NHM-4DVAR.v2 in terms of the number of cores in the major intense rain region and intensity.
Toward super-high resolution 4D-Var
One of the aims of our development was to apply the NHM-4DVAR.v3 to a sub-kilometer resolution. The trial with 0.5-km grid spacing was performed with actual observations (RV) and reflectivity observations by a Doppler radar, GPS-derived PWV, and RV observations by a Doppler wind lidar installed by Hokkaido University). The 5-min assimilation window was set from 1300 to 1305 JST on 24 July 2013. The same background error statistics, observational operators, and errors were used as in the NHM-4DVAR.v2 with 2-km grid spacing for simplicity. The performance may be further improved by adjusting them to the sub-kilometer scale, which is a research study for the future. Before the assimilation experiment, we examined linearity using Eq. (4) in this case and found that the results for 0.5-and 2-km systems were 1.025 and 1.032, respectively.
From the assimilation results (Fig. 4) , we first recognize an impact of the very fine structure of orography in the higher resolution experiment. Using the 0.5-km grid spacing, a large river, an airport, small coves, and man-made structures can be observed. This suggests that the 0.5-km resolution has the ability to represent realistic urbanization effects in the assimilation more accurately. This fine structure affected the potential temperature (θ) field. We also see that patterns of horizontal distribution of θ in both the 2-and 0.5-km systems are almost the same, but a smallscale structure along the river was reproduced only in the 0.5-km experiment and other several small-scale structures in the θ field are seen (Fig. 4b) . This comparison suggests that a high-resolution distribution provides a more realistic representation of effects of urbanization in the assimilation. Nagumo et al. (2014) investigated MCSs of the same case with observations and a numerical simulation and reported that there were two convective systems, one near 'A' in Fig. 5c , which moved in the south-easterly direction, and the other, located along the seashore of Tokyo Bay and created by a sea front (Fig. 5c) . Similar to the observations, two convective systems are seen in the 0.5-km experiment (Fig. 5b) . The right MCS exists in a mere 5-km region, stands aslant, and has an interactive circulation within the MCS. Meanwhile, the other MCS is very weak. On the other hand, there is only one MCS in the 2-km experiment (Fig. 5a ). It is necessary for reproducing MCSs induced by smallscale sea breezes to utilize a high-resolution numerical prediction system. Through these studies, it is clear that high-resolution observations and high-resolution assimilation systems can contribute to enhance precise predictions.
Summary and discussion
A new nonhydrostatic 4D-Var system (NHM-4DVAR.v3) was developed by integrating the existing cloud-resolving nonhydrostatic 4D-Var (NHM-4DVAR.v2) and the Japan Meteorological Agency operational nonhydrostatic 4D-Var (JNoVA). Since the NHM-4DVAR.v2 and JNoVA have their own advantages, NHM-4DVAR.v3 was designed to unify these advantages: a penalty term to suppress spurious gravity waves, optimization of lateral boundary conditions, adjoint subroutines to a couple of physical processes, and observation operators for storm scale and mesoscale systems.
In this system, the dynamics between nonlinear and TLM (ADM) are inconsistent. However, the differences between full nonlinear model and TLM were around 1% for 10-min prediction (Section 2.3). Furthermore, ice phase is often important for mesoscale predictions, however, it is not easy to develop an adjoint of complex cloud microphysics because of its high nonlinearity. In this study, initial conditions are given only for cloud and rain waters but they are soon converted to ice materials with the nonlinear model (JMANHM). As shown in Kawabata et al. (2011) and Wang et al. (2013) , warm rain initial condition seems acceptable for most deep convection predictions, and Wang et al. (2012) indicated that a simplified warm rain scheme can be used for high-resolution 4D-Var in a short time assimilation window.
Comparison of the nonlinear and TLMs of NHM-4DVAR.v3 showed that the TLM was accurately developed and had enough linearity. The ADM is consistent with the TLM within a rounding error. These results illustrated that the NHM-4DVAR.v3 was successfully coded with enough accuracy.
Effects of expanded formulation of the NHM-4DVAR.v3 were examined. Through a single-observation assimilation experiment, we confirmed that the penalty term contributed to making the analysis field smooth and optimizing lateral boundaries made proper increments near the lateral boundaries.
An assimilation experiment using actual observations was also conducted. Assimilated observations were Doppler RV, reflectivity, GPS precipitable water vapor, and Doppler lidar observations. The assimilation results showed good agreement with radar observations in rainfall intensity and distribution and illustrated that the performance of the NHM-4DVAR.v3 might be better than that of the NHM-4DVAR.v2.
As a first step towards the development of a sub-kilometer advanced data assimilation system, a super-high resolution 4D-Var experiment was performed with 0.5-km grid spacing as an assimilation experiment, again using actual observations. Detailed structures of potential temperatures along a river and over the entire domain were well resolved, which was not possible with a 2-km mesh.
We found that the linearity of the 0.5-km system was slightly better than that of the 2-km system. The reasons were that the time interval of the 0.5-km system was shorter and the grid spacing was smaller than that of the 2-km system. That is; the less discretization errors were useful in this case.
As a result, it can be concluded that the NHM-4DVAR.v2 and JNoVA were appropriately integrated and the NHM-4DVAR. v3 showed good performance. Using this system, sub-kilometer 4D-Var data assimilation can be made available, but further improvements are required. Primarily, we used the same background covariance both to 0.5-and 2-km experiments simply. At sub-kilometer scales, flow-dependency should be introduced to background error covariance, because meteorological phenomena are simulated very locally. Therefore, we are developing a hybrid system (Ito et al. 2013 ) to utilize flow dependency at 15-to subkilometer scales. Furthermore, we have carefully to optimize parameters of the penalty term only to remove spurious gravity waves but true after several impact experiments. These are important issues that need to be addressed in the future. In addition to them, more verifications should be needed with a couple of experiments. 
